Abstract. Nucleoli from unfertilized Urechis eggs, labeled with tritiated RNA precursors, have been isolated for simultaneous autoradiographic localization and biochemical analysis of labeled RNA. The production of the ribosomal RNA precursor (38S) and its first cleavage occur at the fibrillar core region of the nucleolus. The products, predominantly 30S RNA, are then rapidly transported and stored in the granular cortex of the nucleolus. The formation of the nucleolar cortex, therefore, seems to result from an accumulation of partially processed ribosomal RNA with its associated proteins.
It is now well documented that the nucleolus is a major site of ribosomal RNA (rRNA) synthesis. '-3 RNA is first made in the fibrillar core of the nucleolus and then moves to the granular cortex.4-8 RNA synthesis begins in the newly formed nucleolus, which is mainly composed of fibrillar components; as synthesis continues, granular components gradually accumulate.7-'2 These observations suggest that the rRNA precursor '-3 that is made in the core region of the nucleolus'3 may also be processed there and that the granular cortex represents an accumulated mass of some partially and/or fully processed species of rRNA with associated proteins. The present report deals with a coordinated cytochemical and biochemical study to test this contention.
The unfertilized eggs of Urechis are active in RNA synthesis.14'15 The rate of processing of the rRNA precursor in these eggs is relatively slow. '516 This material is, therefore, suitable for a study of where in the nucleolus such a precursor is made and processed and where the products are stored. We have been able to isolate clean samples of Urechis egg nucleoli in which the core and the cortex regions can be clearly distinguished under a light microscope. Such samples can be used simultaneously for autoradiographic localization and biochemical analysis of labeled RNA.
Materials and Methods. The unfertilized eggs of the echiuroid marine worm Urechis caupo were collected, filtered, and washed in sea water. '7 They were then incubated for various times in sea water containing [5-3H] uridine (100 uCi/ml; sp act 28 Ci/mmol) or [methyl-3HILmethionine (100 ,Ci/ml; sp act 1.02 Ci/mmol). In other experiments, eggs were first labeled with tritiated uridine, washed, and incubated further in sea water with added unlabeled uridine (1 mg/ml) and actinomycin D (50 Mg/ml; actinomycin D was a gift from Merck, Sharp and Dohme Research Lab., Pennsylvania). All experiments were done at 18-20'C. Some eggs were fixed in acidic alcohol and others were used to isolate nucleolar and non-nucleolar fractions. Packed eggs were mixed with 10-12 volumes of deionized water'8 containing 10 pug/ml of polyvinyl sulfate. These eggs were immediately broken by forcing them through a 26G hypodermic needle 4-6 times. They were centrifuged at about 2000 rpm for 1-2 min. The supernatant, containing cytoplasm and broken nuclei (without nucleoli), was the non-nucleolar fraction. The precipitate, containing swollen nucleoli, cell membranes, and some cytoplasmic particles, was fixed in 3% cold neutral formalin for 15-30 min to prevent breakdown of nucleoli. The precipitate was then washed with deionized water with added polyvinyl sulfate and centrifuged 2-3 times more to remove cytoplasmic particles and cell membranes that gradually dissolve in water. The above steps must be done in an ice bath to prevent the breakdown of nucleolar RNA. Clean nucleolar fractions thus obtained were quickly frozen in 0.1 M sodium acetate-0.1 M NaCl-0.001 M EDTA-10 /g/ml polyvinyl sulfate (acetate buffer, pH 4.9) and stored in the freezer. The non-nucleolar fraction was similarly stored in the acetate buffer.
Formalin-fixed nucleoli were first incubated for 2 hr at 370C in acetate buffer contain- (B and C) Labeled for 1.5 hr followed by further incubation in actinomycin D and unlabeled uridine for 3.5 hr (B) or 5 hr (C). In B, both core and cortex are labeled; in C, mostly the cortex. Emulsion exposure time: 6 days.
X384.
ing 1 mg/ml of pronase, 0.5 mg/ml of sodium deoxycholate, and 5 mg/ml of sodium dodecyl sulfate."9 The pronase was first autodigested for 1 hr at 370C. RNA was then extracted by the procedures described by Gould."5 The non-nucleolar and nucleolar fractions which were not fixed with formalin were also incubated for 30-60 min at 15-20'C in pronase (0.2 mg/ml)-detergent solution before extraction of RNA. To each nucleolar fraction about 100 1Ag of unlabeled RNA from Urechis whole egg was added. 1-ml fractions of RNA (100-200 Mig) were layered on 5-20% sucrose gradients and centrifuged at 24,000 rpm in the SW 25.1 rotor for 14-15 hr. The gradients were then pumped through an ISCO gradient analyzer to record optical density and fractions of 23 drops (about 1 ml) were collected. 0.1 ml of egg albumin (2 mg/ml) and 1 ml of 10% cold trichloroacetic acid were added to each fraction and precipitates were dried on glass filters before being counted in toluene-based scintillation fluid. Background counts were subtracted. The two major RNA species of unfertilized eggs were considered to be 18S and 28S (see also present. It is not known if they were some RNA aggregates or RNA-protein complexes Gradients centrifuged for 9 hr showed the same radioactive precipitates, while no other radioactive peaks beyond normal 38S RNA appeared.
Autoradiographs of isolated nucleoli (dried on slides) and sectioned (5 Mm) whole eggs were made with liquid emulsion (NTB2). These slides were stained with hematoxylin and acid-fast green through the processed emulsion. The core of the nucleolus stains darker with acid-fast green than the cortex. Silver grains were counted over the sectioned core and cortex of the nucleolus and the total radioactivity was determined by multiplying the volumes (calculated from diameters) times grains per unit area. The percentage of radioactivity in these compartments was compared with that detected in the two major nucleolar RNA species from the same samples (Table 1 ). The percentage of radioactivity in these RNA's was estimated by measuring their areas on the graphs.
For electronmicroscopic examination, isolated nucleoli were fixed for 3 hr in 3 % glutaraldehyde in cacodylate buffer (0.1 M, pH 7.45). They were post-fixed for 1 hr in osmium tetroxide in sea water. The samples were then dehydrated in ethanol and propylene oxide and embedded in Epon. Sections were stained for 30 min in uranvl PROC. N. A. S. acetate (2% aqueous solution, pH 4.8) followed by further staining for 25 min in lead citrate.
Results. The nucleolus of the unfertilized egg of Urechis contains two distinct regions, the core and the cortex, similar to those observed in nucleoli of amphibian oocytes. 8'9 These two regions are clearly seen in isolated nucleoli (Fig. 1A) . Electron micrographs of such isolated nucleoli show that the core and cortex consist of mainly fibrillar (avg. diam = 53 A) and granular (avg. diam = 173 OA) components, respectively (Figs. 1B-D) . The core region of every isolated nucleolus contains two Feulgen-positive DNA-containing structures (Fig. lE) ; these are apparently parts of a chromosome pair that remain attached to the core of the nucleolus. Both core and cortex contain RNA and proteins which stain with azure B and acid-fast green, respectively.
After the eggs have been exposed to [3H ]uridine for 1-2 hr, RNA is labeled in the core ( Fig. 2A; Table 1 ) and then spreads out into the cortex ( Fig. 2B ; Table 1 ). Upon blockage of further RNA synthesis by actinomycin D in the core, labeled RNA accumulates mainly in the cortex (Fig. 20) .
Nucleolar samples with labeled RNA confined to the core only, core and cortex, and cortex only, were analyzed to determine the types of labeled RNA present in these regions. During 1 and 2 hr, when label is mainly in the core, the labeled RNA appears around the 38S region (Figs. 3A , B, 4A, B; Table 1 ). There are some indications that RNA of about 30S is also present in the nucleolus, especially in the 2-hr samples (Figs. 3B, 4B ). After 4 and 5.5 hr of incubation, both the core and the cortex are labeled and at the same time a peak of radioactivity appears at the 30S region (Figs. 3C, 4C ; Table 1 ). In the non-nucleolar fraction only 4S and heterogeneously distributed RNA species are labeled, even in materials exposed to [3H ]uridine for 5.5 hr (Figs. 4D-F) .
Figs. 5A and B show the sedimentation profiles of nucleolar RNA from eggs that were first labeled for 2 hr with [3H]uridine and then incubated for 6 hr in sea water, with or without added actinomycin D. In the control sample, in which both core and the cortex of the nucleolus are labeled, radioactivity in the 38S and 30S regions can be seen (Fig. 5A ). After treatment with actinomycin D, the labeled RNA is mainly confined to the cortex of the nucleolus; this sample contains 30S, but not 38S, RNA (Fig. 5B) . In both control and actinomycin D-treated samples some labeled RNA at the 20-23S region can also be seen (Figs. 5A and B) ; this RNA may be the immediate precursor of the 18S RNA.19
Eggs exposed to [methyl-3H] methionine for 4 and 6 hr show the presence of methylated 38S and 30S RNA in their nucleoli (Figs. 6A and B) . There is an indication that the 20-23S RNA is also methylated. As expected, the 4S tRNA also becomes methylated (Figs. 6C and D) . No transfer of methylated rRNA from the nucleolus to the rest of the egg seems to occur during this time, since the nonnucleolar fractions analyzed contain mainly 4S tRNA (Figs. 6C and D nucleolus of salivary gland cells of Chirortomus has been found to be 38S; this molecule first cleaves to 30S and 23S species, which then give rise to 28S and 18S RNAs, respectively. '9 The processing of rRNA precursor of the Urechis nucleolus appears to be similar to that of the rRNA precursor of Chironomus. '9 The methylated 38S, 30S, and probably also 2023S RNA are found in the Urechis nucleolus. The observation that the 38S and 30S RNA predominate in the nucleolus of Urechis eggs is in agreement with earlier studies in which the preponderance of rRNA precursor and its derivative, the immediate precursor of the 28S RNA, were detected in the nucleolus of various other organisms." 2 No appreciable amounts of labeled 28S and 18S RNA species were detected even in the non-nucleolar fraction during the experimental period we used. This may be due to a very slow rate of accumulation of these RNAs in the unfertilized egg of Urechis. '56l Our results indicate that the 38S precursor is produced in the nucleolar core, which is invariably associated with chromosomal DNA. Furthermore, the first processing of this precursor also seems to occur in the cored since 30S RNA appears there when only the core is labeled. This 30S fraction is then rapidly transported to the cortex of the nucleolus, concomitant with a configurational change from a fibrillar to a granular appearance. The granular cortex is thus a secondary nucleolar component where partially processed rRNA accumulates in the form of ribonucleoprotein granules. These findings extend, consolidate, and confirm previous more fragmentary observationls made on a variety of cell types by a number of investigators.8 '' 20 We would like to thank Dr. R. Strohnn for the use of his equipment; Dr. hEoward Hosick is especially thanked for instruction in certain biochemical techn3iques.
* Some of the results of this study were presented at the Ninth Annual Meeting of the American Society for Cell Biology (J. Cell Biol., 43 28a (1969) 
